Quantities Relevant to Beta-Ray Dosimetry

Dosimetric Requirements
External radiation is termed weakly penetrating if the dose equivalents to the skin or lens of the eye are closer to their limits (500 mSv/year and 150 mSv/ year, respectively) than the effective dose is to its mean limit of 20 mSv/year (ICRU 1993) . Beta radiation from all but a few very high-energy emitters is weakly penetrating and it is the doses to the skin, eyes, and occasionally the testes, that are the quantities of concern.
Of these organs, it is the skin that most often receives significant doses, because some important cells in the surface layers of the skin are at a shallow depth and because the strong decrease of beta rays with depth reduces the dose to the eyes or testes. Some areas of skin may be at risk from electrons with energies as low as 30 keV. As discussed in Section 3, the part of the skin most at risk for stochastic effects (cancer induction) is usually assumed to be the basal layer of the epidermis which is located, typically, 20-100,um below the surface.
In a recent publication (ICRP, 1991b) , the ICRP recommends that the occupational dose equivalent to the skin (including hands and feet) should be limited to 500 mSv per year. While recognizing that lasting deterministic effects arise mainly in the deeper layers of the dermis (300-500 ,urn), the ICRP currently recommends that this dose equivalent be determined at a nominal depth of 0.07 mm (70 ,urn or 7 mg cm -2) and averaged over an area of 1 cm 2 , regardless of the area exposed. Determination of this quantity is the most common objective of beta-ray dosimetry.
For protection of the eye from possible cataract induction, the ICRP has recommended an additional limit of 150 mSv per year for the lens of the eye; this is conventionally determined at 3 mm depth. For normally-incident beta rays with maximum energies less than about 1.7 MeV, the limit of500 mSv/year to the skin of the face is more restrictive than that for the eye; for higher energies, the eye limit dominates. For isotropic incidence, the limit for the skin will adequately protect the eye for all beta emitters with the exception oP6N (E max = 10.4 MeV).
For exposure of the testes, the primary concern is the (stochastic) production of mutations leading to serious hereditary defects. The physical quantity of importance is the mean dose equivalent to the spermatogonial cells, which are situated at depths greater than 2 mm. Their "effective depth" (that depth at which the beta-ray dose equals the mean dose to these cells) increases with the energy of beta rays and varies with their angular distribution. For normally-incident, high-energy beta particles from 106Rh (E max = 3.5 MeV), the effective depth is between 8 and 9.3 mm (Facey, 1982; Burgkhardt et al., 1990a) . Irradiation of the testes and eye lens is discussed by Charles (1986) .
The ICRP has not recommended a separate doseequivalent limit for the testes, beyond that (100 mSv/year) implied by their tissue-weighting factor (0.2) and the mean annual limit on effective dose. For all but a few very high-energy emitters, application of the skin limit will keep the beta-ray dose equivalent to the testes within their ICRP limit. Application of the eye limit would restrict the dose to the testes even more. Personal dosimeters designed to measure H p (O.07) or Hp(3) (see Section 2.2) and worn close to the testes are, therefore, appropriate for controlling the dose equivalent in this case.
To ensure that measured doses are relevant to the biological response and target cells of interest, the sensitive volume of a beta-ray dosimeter should be covered by the appropriate thickness of tissueequivalent material and have a thickness similar to that of the target cells. For measurements of absorbed doses to the eyes or testes, this requirement is not particularly technically exacting, as the thicknesses involved are easily reproduced in solid state dosimeters and their covers. The measurement of skin absorbed dose is considerably more difficult.
Operational Quantities and their Measurement
To provide precisely defined quantities for the practical determination of dose equivalents, the ICRU has defined a number of "operational quantities" (ICRU, 1993) , of which two are pertinent to beta-ray dosimetry: the personal dose equivalent for individual monitoring and the directional dose equivalent for the characterization of radiation fields in area monitoring. The ambient dose equivalent, H*(10), used for area monitoring of strongly penetrating radiation, is not an appropriate quantity for any beta radiation, even that which is nominally strongly penetrating.
The personal dose equivalent, Hp(d), is the dose equivalent in soft tissue below a specified point on the body, at an appropriate depth, d, expressed in mm. The unit is J kg-1 and the special name for the unit of dose equivalent is sievert (Sv). For beta and other weakly penetrating radiation, depths of 0.07 mm for the skin and 3 mm for the eye are used, and the personal dose equivalents are denoted by H p (0.07) and H p (3). (The quantity H p (0.07) was formerly called the "individual dose equivalent, superficial", H s (O.07) (ICRU, 1985) .) Hp(d) can be measured with a detector that is worn at the surface of the body and covered with an appropriate thickness of tissue-equivalent material.
The dependence of the personal dose equivalent on the direction of the radiation field can be specified by the quantity Hp(d, D) , the dose equivalent in soft tissue at depth d below a specified point on th~ body, produced by radiation having the direction fl. The reference system in which D is specified is related to the surface of the body. In a unidirectional radiation field whose direction makes an angle 0: with the normal to the surface of the body, the personal dose equivalent may be written Hp (d, 0: ). The personal dose equivalent applies to some location on an individual whose shape and composition are unspecified. Its precise value is therefore not uniquely related to the parameters of the beta-ray field (fluence, spectrum, angular distribution). For the calibration of beta-ray personal dosimeters, dosimeter readings may be compared with the specific value of Hp(d) that applies to a point on the torso, or the value that applies to a point on a finger. For calculating these quantities, the torso is adequately represented by a planar slab of tissue equivalent material, of thickness at least 20 mm and oflateral dimensions at least 100 by 100 mm. The finger is adequately represented by a cylindrical rod of tissue equivalent material, 19 mm in diameter. A finger phantom of this diameter has been proposed by the International Organization for Standardization (ISO) (Alberts et al., 1994) .
For unidirectional radiation, in a direction making an angle 0: with the normal to the surface at the point of incidence, values of Hp(d, 0:) for the torso or for a finger may be calculated for a slab or finger phantom. For a finger (rod) phantom, rr/2 -0: is the angle between the direction of radiation and the cylindrical axIS.
The quantity used for area monitoring of beta radiation should be closely related to Hp(d) for the surface of the body at the point of interest in the radiation field. The value of Hp(d) depends on the direction of radiation relative to the surface. The recommended operational quantity -the directional dose equivalent -is defined in a phantom termed the ICRU sphere. This is a sphere of ICRU tissue I , 30 cm in diameter.
The directional dose equivalent, H' (d, D) , at a point in a radiation field, is the dose equivalent that would be produced by the corresponding "expanded field" in the ICRU sphere at a depth d mm, on a radius in a specified direction D. In an "expanded field", the fluence and its angular and energy distributions have the same values over the volume of interest as those ofthe actual field at the point of reference. The unit of directional dose equivalent is Jkg-1 and the special name for this unit is sievert (Sv).
For beta and other weakly penetrating radiation, I The tissue of the ICRU sphere has a density of 1 gem -3 and the composition by weight, 76.2% oxygen, 11.1% carbon, 10.1% hydro· gen and 2.6% nitrogen. depths of 0.07 mm for the skin and 3 mm for the eye are employed, and the directional dose_equivalents for these depths are denoted by H'(0.Q7, 0) and H'(3, 0) .
The specification of direction, fl, requires a reference system of coordinates (e.g., polar and azimuthal angles). In the particular case of a unidirectional field, the direction can be specified by the angle 0: between the radius opposing the field and the specified radius. The directional dose equivalent is then written as H'(d, 0: ). When 0: = 0, the quantity H'(d, 0) may be written H' (d) .
Quantities analogous to personal dose equivalent and directional dose equivalent can be defined in terms of absorbed dose. They are called personal absorb~d dose, Dp(d) , and directional absorbed dose, D'(d, 0) , respectively. In a unidirectional field, the personal absorbed dose can be written Dp(d, 0:) in analogy to Hp(d, 0:) . Specific values of Dp(d) at points on the torso or on a finger may be calculated for a slab or finger phantom, respectively, in analogy to corresponding dose equivalent values. For electrons of all energies, the quality factor is assumed to be one, in accordance with ICRP Publication 60 (ICRP, 1991b) . Thus, while many dosimetric values in this report are given for absorbed doses in Gy, the same numerical values apply to dose equivalents in Sv.
Because the radius of the ICRU sphere is much greater than the maximum range of beta rays in tissue, the small part ofthe spherical surface through which beta rays that reach the point of interest pass can be adequately represented by a plane. Hence the directional dose equivalent, H' (d, 0:), adequately specifies how the dose equivalent in tissue-equivalent material, at depth d below a plane surface, varies with the angle 0: between unidirectional beta rays and the surface normal. This variation occurs because both the transmission in the layer between the surface and depth d, and backscattering from material at greater depths, depend on 0:. A beta-ray area monitor would have an ideal angular response for skin dose measurements ifits reading varied proportionally to H' (d, 0:) when it was rotated in a unidirectional field. In practice, unidirectional beta-ray fields do not exist, because of the strong scattering of beta rays in air. It is sufficient to check instruments with reference beta radiations of different maximum energies for different directions of the axis of symmetry of the the radiation field produced by a distant "point" source. An extrapolation chamber (see Section 7.3) is used as a reference instrument for determining the angular and energy response. Nevertheless, the variation with 0: of H' (0.07, 0:) for the mean energy of the spectrum is often used as a reference with which the measured angular response of a beta-ray detector is compared.
The energy range over which Hp(d) and H' (d) must be determined extends from the lowest energy of an electron that can penetrate to the basal layer of the 4 skin to the highest energy of beta rays involved. The lowest electron energy of interest is variously assumed to be between 30 and 70 keV, corresponding to a nominal depth of between 20 and 70 p.,m for the layer at risk. In most practical situations, beta rays with maximum energies below 200 ke V provide a hazard only when the source is directly on the skin, because of their strong attenuation in air and clothing. The highest energy beta rays commonly encountered around a reactor are from 106Rh (E max = 3.5 MeV), although higher-energy emitters such as 38el (4.9 MeV), 88Rb (5.3 MeV) and 16N (10.4 MeV) could present possible hazards.
The minimum value of Hp(d) that a beta-ray dosimeter must detect should at least be small enough to permit the annual dose equivalents to be kept within regulatory limits. It may be affected by what is reasonably achievable using current techniques and by the frequency of measurements. Various values have been adopted by standards and regulatory organizations. For example, a proposed ISO standard for beta-ray dosimeters for the extremities and eyes has a detection threshold of 1 mSv (Goldfinch, 1993) .
